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PARTO~ 
PROPERTIES OF RAT LIVER CYTOPLASMIC GLUCOSE 
6-PHOSPHATE DEHYDROGENASE 
1 
CHAPTER I 
INTRODUCTION 
The pentose phosphate pathway occurs widely in living cells. The 
primary functions of tae pathway are·th~ production of pentose,phosphate 
. + for nucleotide biosynthesis and the .reduc~ion of NADP to NADPH for use 
in lipid biosynthesis and other spectfic reductions. It is through 
NADPH production by the first· and third enZY!lles in the pathway-that car~ 
bohydrate oxidation and lipid biosynthesis are related. The reaction 
catalyzed by glucose 6-phosphate dehydrogenase.(G6PDH, D-glucose 6-phos-
phate:NADP+ oxidoreductase, ECl.1.1.49) is markedly displaced from equi-
librium in rat liver cells (1). These facts together with the key posi-
tio~ of G6PDH at a metabo.lic branch point suggest that the G6J;>DH reaction 
may well be an important site for metabolic control. · This view is. sup-
ported by,the fact that G6PDH shares several structural and functional 
properties with other regulatory enzymeE;. These include fluctuations in 
activity as a function of. a vari_ety .pf hormonal ·and nutritional states · 
(2,3), its. quaternary structure, and various effectors including fatty 
acids (4). 
The· cytoplasmic G6PDH ,,of· mammalian liver. has been purified to. appar-
ent 'homogeniety in a number of labo;-atories .(5-7). Its quaternary struc-
ture has resulted in somewhat cqntradictory .conclusions from the several 
la~orat~rieE;·which have investigated the dissociation of the enzyme 
(6,8,9). The state:ef aggregation appears.to be.a function of enzyme 
3 
concentration (4) •. This is supported by studies on th~ enzyme from hu-
man erthrocyte~ which have demonstrated that;: the spec:l.fic activity v1:1ries 
from 175 at an enzyme concentration of 0.3 mg/ml to.750 at 2 mg/ml. (10) 
The kinetic,properties of .liver G6PDH as a function of enzyme concentra-
tion have not been previously investigated. 
The st;eady state kinetic mechanism of glucose.6-phosphate dehydro-
genase has been studied using enzymes from Candida utilis (11), human 
erythrocyte (12), and Leuconostoc mesenteroides. (13) • Enzyme from these 
sources represent each of the three classes into which G6PDH may. be di"'.' 
vided on the basis of nucleotide specificity (13). The enzyme frc;,m C. 
utilis catalyzes only the NADP-dependent oxidation of G6P. Data based 
on initial velocity and NADPH product. inhibition studies are consisten.t 
with a simple, ordered, sequential mechanism in which NADP+ is bound 
first and NADPH released last (11). Th:i,s is true also of the NADP-:link--
ed reaction catalyzed by G6PDH from L~ mesenteroides.(13), however, ki-
netic studies on this enzyme of the NAD-linked reaction indicated a more 
complex mechanism which requires an isomerization of free enzyme. Data 
collect:ed on G6PDH from human erythrocytes indicate that it too follows 
an ordered, sequential mechanism :with nucleotide addirig first and being 
released last from the enzyme. The situation with G6PDH from erythrocyte 
as well as from c. utilis is further complicated by the existence of 
sigmoid kinetics when [NADP+] is varied. This has been extensively 
studied using erythrocyte enzyme (14,15). Studies on the steady state· 
mechan:i,.sm of·G6PDH from all.sources are·limited by the inability to 
charact~rize th~ reverse reactton due to ,the marked instability of 
o-gluconolactone 6-phosphate which has a ha],.f-life of 1.5 minutes in 
aque6us solutions at pH 7.4 (16). 
'CHAP'.l'ER II 
STEADY STATE KINETIC PROPERTIES 
Introduction 
Previous steady.state kinetic;studies on rat liver cytopla~mic, 
G6PDH concerned themselves with the.effect of substitiation at.C-2 of 
G6P on the reac1=ion rate (17), nucleotide spec:i,ficity (18,19), and sub-
, ' . . . 
strate. and product inhibition-. (19). While the enzyme has been purified 
to. near homogertiety by di.so-gel electrophoresis and ultracentrifugation 
cri1=eria in.several laboratories to sp~cific act:i,vities of 172·(20), 
142 (5), 134 (7), and 210(6), the previous steady state kinetic measure-
ments have been done on enzyme with a .specific activity of less than 0.5 
U/ml. · Since at least one. property~ nucleotide specific:i,ty, of the enzyme 
has been showri to vary as a.function of purity (19) and in light of evi-
dence that three different G6PDH.,.inactiv~tin_g proteins ~xist in rat liver 
cells (21), it was deemed appropriate to.attempt an elucidation of the 
steady state.kinetic mecha~ism on purified enzyme. 
Materials and ~xper~mental Procedures 
Glucose. 6-phosphate, tetrasoidum NADP, NADPH., glucosamine 6-phos.-
phate, and yeast glucose 6~phosphate.dehydrogenase were purchased from 
·, ' ,, . . . 
+ Sigma •. Gl,ucose 6-phosphate (G6P) and NADP were assayed usitm either 
rat.liver or yeast-G6PDH in 100 mM Tris-HCl, pH 8.0, containing 4.0 mM 
4 
5 
MgC12 (assay buffer). The reaction rate measurements were made'in a 
Coleman 124 spectrophotometer with a thermostated cell holder kept at 25 
0 
± 0.1 C. All pH measurements were mad~ on a Fisher model 320 pH meter 
at room temperature. Protein conc~ntration was.determined by.the method 
of Lowry (~2) with :bovine serum albumin (Pentex) as a standard. The 
high carbohydrate, low fat rat diet ,,was supplied by Nutritional -Biochemi-
cals Company. 
Enzyme Purification 
The enzyme was purified according to Holton's (6) modifications of. 
. ' 
the method by. Matsuda and Yugari (7) with minor alterations. Holtzman 
strain albino rats were fasted two days and fed a high carbohydrate, low 
fat diet .fpr three d~ys·prior tQ sacrifice. The liver w~s homogenized 
in a Waring blender. · The C.M-cellulose (Reeve..-Angel) column was eluted 
with a linear gradient of 600 ml 20mM NH4Ac, pH 5.5 and 600 ml 50 mM 
potassium phosphate, pH 7.0 each containing 10~4M NADP+. All buffers 
used contained 5 mM S-mercapto ethanol and 0.1 mM EDTA. The enzyme was 
concentrated in diaflow ultrafiltration membranes (Schleicher and 
Seuell). All enzyme. storage buffers contained 0.1 mM NADP+. · 
Data Analysis · 
Data which conformed to a sequential initial veloci;y pattern were 
fitted .to Equation (2-1) 
VA B 
v .. 
+· 
where A and n represent NADP and G6P concentrations respectively, Vis 
the maximum velocity, Ka and~ represent the Michaelis constants for 
NADP+ and G6P respectively, and Kia is the NADP+ dissociation constant. 
Curve fitting to this and each subsequent equatipn was done by the 
FORTRAN program package VINIT writt~n in this laboratory which utilizes 
the optimization subroutine STEPIT (23) to minimize a slUll of squares F 
defined by Equation (2-2), 
6 
F = fy -.~ i,exp 1.=l CJ. y :12 i ,calcJ ! (2-2) 
l. 
where Y, is the measured velocity, Y. 1 is the computed velocity, 1. , exp · 1. , ca c i 
CJ, is the standard error in the measured velocity, taken to be 5% of the 
l. 
measured velocity from repeated measurements, and N is the number of 
data points. The VINIT package·is advantageous over similar programs in 
that any.parameter(s) may be fixed at values determined from previous 
experimen,ts designed f:!pecifically for the accurate determination of those 
parameters. This avoids the problem of an inaccurately fixed parameter 
assuming some physically unrealiatic value in order to give an arbitrari-
ly good fit. The program prints out the fitted parameter values, errors 
in these values based on the usual linear.approximati~n (24), the corre-
lationf:i'among the parameters, and an estimate of the quality of the fit 
in that the function Fat the minimum is equivalent to the chi~square 
criterion for goodness-of-fit (25), 
For product inhibition studies Equation (2-3) was used. 
v 
VA B 
= 
Kia Kb+ ~A+ KaB +AB+ K~q (Kia~+ KaB) 
(2-3) 
where Kia'~' Ka' A, B, and V are as defined above, Q is the .NADPH·con-
centration, and Ki is an inhibition constant (26). For dead-end inhibi-
. q 
7 
tor studies using glucose or glucosamine 6-P, glucose 6-P analogs, Equa~ 
tion (2-4) was used. 
v = 
VA B (2-4) 
where I is the inhibitor concentration and Ki is the.dissociation con-
stant of I from the EA! complex. For inhibition studies in which both a 
dead-end inhibitor and a product. were present Equation (2-5) was used. 
v (2-5) 
Results and Discussion 
Initial Velocity Kinetics 
+ Preliminary measurements for which G6P and NADP concentrations 
+ were varied indicated that the K for NADP was 1-5 µM. This is in 
m 
agreement with 1.1 µM previou~ly reported (19). For an accurate deter~ 
mination of this parameter it is necessary to measure initial velocities 
at substrate concentrations ·in the range of the Km. However, in a stand-
+ ard 1 cm pathlength assay cuvette with an NADP concentration of 1.0 µM, 
the net 8A for the complete reaction is 0.012. Considering the initial 
velocity region of the reaction to be linear for the first 10% of the 
reaction this necessitates measuring velocity over a change of approxi-
mately 1 mil~iabsorbance unit. Therefore·, initial velocity measurements 
for the determination of the K for NADP+ were done in a 10 cm pathlength 
m 
quartz cuvette. Figure 1 illustrates the experimental data and fitted 
curves. l'able I (Fit 1) shows the results of the fit to Equation (2-1). 
1 
v 28.0 
24 .o 
20.0 
16.0 
12.0 
0 •. 2 0.4 0.6 0.8 1.0 
[NADP+]-1, µM-l 
Figure 1. Initial Velocity Pattern of G6PDH. Measure-
ments were performed at 25°c in 100 mM, pH 
8.0 Tris, 4.0 mM MgC1 2 • G6P concentrations 
were 20 µM, 6-IJ., 50 µM, D - D ; 100 µM, 
0 -0 ; and 200 µM, 0-0. 
8 
TAaLE,I 
. RESULT$ OF REGRESSION ANALY.SIS OF· INITIAL VELOCITY DATA 
Parame:t;er Fit 1 
~ADP 3.79 ± 0~40 µM 
KG6P 40.9 ± ·6.1 µM 
K ia 2.30 ± O. 48··µM· 
2 15.s. X. 
D.F. b 20 
8nissociation constant for the enzyme-NADP complex •. · 
b Degrees'of freedom. 
Fi,t 
Fix-ed 
51.'2 ± 
Fixed .. 
23. 7 
30 
9 
·2 
5.5 µl-j 
10 
Fit 2 of Tablet is the result of fitting Equation (2-1) to initial ve-
. + 
locity data collected at higher NADP concentration.s in a 1 cm pathlength 
cuvet system. For this fit the parameters K and Ki were constrained 
a a 
to the fitted values from Fit 1 and~ and V were allowed to vary. The 
quality of this fit as evidenced by the chi-square criterion (x 2 = 23.7) 
(a chi-square approximately equal to the number of degrees of freedom is 
expected) as well as the fitted value for~ of 51 µM within experiment-
al error of the fitted value of 40.9 µM from Fit 1 attest the validity 
of a comparison between the separate experiments. These results are in 
fair agreement with those previously reported (19) particularly in the 
values for~· However, the difference in K values is due probably to 
a 
the inability of earlier workers to adequately measure velocities at low 
NADP+ concentrations. One additional laboratory (17) has published 
steady-state kinetic results for the liver enzyme listing fitted values 
for the parameters. Although,the data were analyzed using the sequential 
+ model (Equation 2~1) the authors assumed G6P to be the first and NADP 
the second substrate to add to the enzyme. In addition the enzyme used 
was.of particularly low specific activity(< 0.5 unit/mg). Therefore 
the reported values for ~ADP+ of 15 ± 5 µMand KG6P of 70 ± 17 µM from 
that laboratory are suspect. 
Product Inhibition Studies 
That product inhibition patterns are capable. of demonstrating the 
order of addition of substrates in a sequential Bi-Bi mechanism has been 
well established (27). Previous workers have found NADPH to be linear 
+ competitive with respect to NADP· and linear noncompetitive with respect 
to G6P in erythrocyte (42), C. utilis (14), and L. mesenteroides (13). 
This is in contrast to work on ~at muscle G6PDij (19) which shows NADPH 
to competitively _inhibit with respect ta .both NADP+ and.G6P. Figure 2 
shows.the result of fitting Equation (2-3) to dat~ collected in an.ex-
periment in which the NADP+ concentration wa:s varied at·. several NADPH 
11 
concentrations.· The parameters K , K. , and K. w. ere held. fixed at .pre-a ia · b · · 
viously determined values (Fit 1) and Kiq was determined to be 15.9 ± .0.6 
µM. Chi-square was 26.5 with 38 degrees of freedom indicating a.satis-
factory fit. The,inhibitiQn pattern is linearly competitive. Figure 3 
shows a.plot ,of results obta,i.ned from an e~periment in which G6P was the 
variable substrate and NADPH the product inhibitor. The solid lines are 
the,result of fitting to Equation (2-3) and indicate a linear non-com-
petitive product inhibitfoil, patt.ern. The fitted value for Ki was .11. 0 q 
± 2,1 µMin gaod agreement'with the fitt~d value determined with .NADP+ 
as variable substrate. Chi-square £or the fit was 19.2 (36 degrees of 
freedom). 
Product in~ibition _studies using 6-Phospho-o-gluconolactone are im-
practical due to the.instability of the compound in aqueous solution 
(16). 
Dead-End Inhibition Studies 
In 1964 Fromm (28) · showe.d haw competitiv~ inhibitor~ might be used 
to distinguish between arder~d and ran4om m~chanisms for two ~ubstrate 
enzymes. A second advantage of using compounds whi.ch cqmpete with a 
substrate for the same enzymic site in order~d systems is that the order 
o~ substrat~ addition can be determined. It has been shown.that glucosa.,.. 
mine .6'.'"P is a competitive inhibitor with respect; to G6P in th.e G6PDH · 
cata+yzed reaction (17). For this ;~ason glucosamine 6~P was used as a 
1 
Figure 2. Competitive Inhibition of G6PDH by NADPH, 
Assay buffer was as listed in Vigure 1, 
NADPH concentrations were 0. 0 µM, 0-0; 
57.5 µM, 0-0 ; 115 µM, 1-1; 138 µM, 
0 - CJ ; and 230 µM, A-A. 
12 
1 
v 
.024 
[G6Pr1 , µM-l 
./ 
Figure 3. Noncompetitive Inhibition of G6PDN by 
NADPH. Assay Buffer was the Same as 
for Figure 1. NADPH Concentrations 
were 0.0 JJM, LI-Li; 50.0 µM, Cl -0 ; 
100 µM, 1-1; 150 µM, O ..:.o ; and 200 
pM 0-0. 
13 
14 
substrate analog for G6P in an attempt to form a dead-end complex by the 
following reaction, 
E-NADP + glucosamine 6-P * E-NADP-glucosamine 6-P 
When studied at glucosamine 6-P and enzyme concentrations which preclude 
significant contribution to reduction of NADP+ by glucosamine 6-P, s.uch 
complex formation should exhibit competitive inhibition with respect to 
G6P. The results of .such an experiment are plotted in Figure 4. Where 
the solid lines are.fitted using Equation (2-4), The value of chi-square 
at the minimum was 29.4 (36 degrees of freedom) indicating a satisfac~ 
tory.description of the data.by the model, The best-fit value for K. 
]. 
was 3, 4 7 ± .• 06 mM, Competitive inhibition with respect to G6P by glu-
cose,another G6P analog was.also obtained in agreement with results by 
Metzger, et. al, (18). 
For an ordered addition of substrates A and B, inhibition by an 
analog of B (I) forming an.enzyme•A•I dead-i-end complex will be uncompet-: 
itive with respect to A as varied sub~trate. Figure 5 shows the results 
of an experiment in which the NADP+ concentration was varied at changing, 
fixed c9ncentrations of glucosamine 6-P with a G6P concentration of 50 
µM. Again the solid lines show the.results of a fit to Equation (2-4), 
Using a standard error for v. . d of 10%, chi-square was 20 (25 de-1,measure 
grees of freedom) indicating a satisfactory fit. 
As an additional verification of the sequential mechanism of meva~ 
lonic kinase Beytia, et al. (29) performed double inhibition experiments 
using a dead-end inhibitor in addition to product inhibition. A similar 
experiment was performed on rat liver G6PDH using glucosamine 6-phos-
+ phate and NADPH in the presence of subsaturating NADP and G6P concen-
1 
v 
9 .. 0 
8.0 
7 •. 0 
6.0 
5.0 
4.0 
3.0 
2.0 
.02 
1 -1 G6P - mM · 
. 04 
Figure 4. Competitive Inhibition of G6PDH by Glucosamine 
6-P. Assay conditions were stated in Figure 
1. NADP concentration was 60 1-1M. Glucosa-
mine 6-P concentrations were 0.0 mM, b,-b,; 
1.0 mM, 0-0 , 2.0 mM, 1-1; 4.0 mM, 0-0 ; 
and 8.0 mM, 0-0. 
15 
1 
v 
240 
200 
• 20 
Figure 5. Uncompetitive Inhibition of G6PDH by Glucosa-
mine 6-P. Assay conditions were the same 
as for Figure 1. The G6P concentration was 
100.µM. Glucosa:mine 6-P concentrations 
were 0.0 mM, 6.-6.; LO mM, C-0 ; 2.0 mM 
0 - 0 ; and 4. 0 mM 0-0 • 
16 
17 
trations. The data were fitted to Equation (2-5) and the results .are 
shown in Figure 6. · The mode~ satisfactorily desc,;ibes the .data_as·evi-
denced,by the chi-squa,re value at 2·3.5 (21 degrees of freedom). When 
the data are plotted as·,1/v against produ,ct cc;mcentration the re.ijultant 
plot .is one of parallel lines as predicted by.Equation (2-6) where at 
constant A ancl 
Vm 
v 
= 
(Kia ~ K Q + Kia ~ + ~ + ~ I + _Ka + 1 
K· AB + A : ) AB B K. B A ~ ~ ' 1 
(2 .... 6) 
~ concentrations, the slope is constant and the inhibitor concentration 
I ente.rs only into the intercept ter).11. 
The kfa1etic mechanism fer erythrocy~e G6PDH has been described as a 
sequential ordered mechanism (12) with cqenzyme adding firs; and being 
released last from the enzyme. The results effect~vely rule out.a rapid 
equilibrium randem (R.E.R.) mechanism with the formation of a dead,-end 
enzyme.-G6P,-NADPH cemplex. This is, done by c<;>mparing their value for Kb 
with an indepe~deritly determined value for the dissociation constant-for 
the sec:ond substrate and finding tha,t the twe differ by a factor ef 17. 
However, no data concerning the existence ef stgnificant levels of a 
ternary enzyme-G6P.-NADP -complex was obtained thus not excluding the pos-,. 
sibility of a.Theorell-Chance mechanism. Initial velocity and product 
inhibition studies on G6PDH'from both L~ mesenteroides (13) and.C. ·utilis 
(11) rule out a.rapid equilibrium random plus dead-end inhibition mechan-
ism by .the use of .NAD+ as an alter_nate substrate f1n NADP+ but again do 
not rule out a Tqeorell-Cha.nce mechanism. 
Experiments on liver cytoplasmic G6PDH reported here inclicate from 
initial velecity data that the -.mechani~m is ~equential, thus· e~cluding 
40 
100 200 
NADPH µM 
Figure 6. Double Inhibition of G6PDH by NADPH and Gluco-
samine 6-P. Assay conditions ~ere the same 
as for Figure 1. The NADP+ concentration 
was 50 µMand the G6P concentrations were 50 
µM. ·Glucosamine 6-P concentrations were 0.0 
mM, Q,-Q ; 1.0 mM, 0-0 ; and 2.0 mM, 0-0. 
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p.ing-pong and random mechanisms. Results from dead-end inhibition stud-
ies using G6P analogs are inconsistent with a rapid;equilibrium random 
plu1;1 dead-end inhibition mechan~sm. In such a;mechanism, a B .substrate 
analog can be expected to combine with both E and ~A enzyme forms. This 
would result in non-competitive :f,.nhibition with reE1pect.to substrate A 
and competitive inhibition with respect to substrate B.. The· inhibition 
patterns observed were uncompetit:1;.ve and competitive with respect to 
substrates A and B respectively, indicating that the dead-end :f,.nhibitor 
combines-with the EA enzyme form alone, consist~nt with a steady-state. 
ordered mechanism. Exclusion of the Theorell-Chance mechanism might.be 
done by the demonstration of significant central complex cqncentrations,, 
by dead-end inhibition studies using an. inhibftor shown to coml;>ine only . 
with central complexes, by product inhibition studies using the first. 
product (6-phosphogluconolactone (6-;PGL) in this case), or by isotopic 
exchange experiments which monitor B-P exchange as Band Pare varied in 
a constant concentration ratio. The la~ter is the most rigorous test. 
The instability of 6-phosphogluconolactone cle~rly complicates efforts 
to exclude the Theorell-Chance mechanism from consideration. 
In sum~ry ,- results from initial velocity studies, product. inhibi-
ti.on, dead-end inhibition, and mixed inhibit:ion kinetics are. consistent 
with a~ ordered mechanism in which coenzyme adds first and is released 
last. from liver glucose 6-phosphate dehydrogenase. This mechanism is 
shown in the notation of Cleland (26). 
\ 
N~P+ Gt-P 6-fGL N~f~ 
E---'--E-·-N_,.AD ....P-+,-. -""----,.E-. N-AD-, .-p-,.-G...,...6P--.-.---'---E-.-NA-DP-H----,-, ......... E 
+ (E•NADPH•6PGL) 
I 
H 
E•NADP•I · 
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The·steady-state.mechanism for the rat·liver.cytoplaemic enzyme is simi-
+ lar to the.mechanism for G6PDH from variou~ other sources where NADP i~ 
the coenzyme. 
CHAPTER Ill 
METABOL+TE AND CONCENTRATION EFFECTS ON 
GLUCOSE 6-PHOSPHATE DEHYDROGENASE 
Introduction 
Numerous studies have been made on ~he quat~rnary structure of bu.-
man e~ythrocyte G6PDH. Yoshida (10) has done preliminary studies on 
sped.fie activity SS! .a funG?tiOI\ of enzyme concentration. This work has 
shown tl;lat ;he enzyme is fully act:ive (750 U/tng) only at.protein concen-
trations ·of greater than O. 3 mg/ml. This is a five-fold increase over. 
the specific activity at enzyme concentrations of 7 µg/ml. The physio~ 
logical implications of this phenomenon are somewhat in.question however, 
due to the.rather low cellular enzyme concentration of approxi:\Uately 6.5 
µg/ml and the inability of the mature erythrocyte to respond to environ-
mental changes.by increasing protein concentration. 
~everal observations have·indicated that rat liver cytoplasmic· 
G6PDH activ:i,ty is controlled by a long-term regulat:i9I1, (30). · · The enzymic. 
activity has been shown,to be.a function of various dietary states (2). 
Furthermore, this variation in activity has been demonstrated to be a 
consequence of enzyme biosynthesis and degradation (31). When these ob-. 
servations are considered in light of evidence that the enzyme quaternary 
structure :i.s a function of enzyme cqncentration (4), i1= bec;ome1;1 reason.-, 
able to te~t ,.the.,-hy.p.ethe.s~. that the r.at:_+,~yer .cy.:toplasmic enzyme might 
behave similar to t~e .. ~ryth,X'o.r::y::te enzyme with changes in cc:mcentration, 
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Srere (32) has established a procedure whereby cellular enzyme 
levels might be estimat~d from specific act.ivity and homogenate activity 
data. Using this procedure and pubHshed activity data (7,1) the cellu.-
lar concentration of liver G6PDH ;is _calculated to be. apprqximately O. 2 
mg/ml or 30 units/ml in rats fed a high carbohydrate, low fat diet (see 
Materials and Exp. Proc.) and 0~02mg/ml (3 Units/ml) in rats subj~cted 
to starvation. Clearly thenwith a 10-fold·variation in enzyme activity 
as a function of diet, th.e properties of the enzyme as a. function of 
concentration should be investigated. 
It has been shown that the. mass action ratio for the G6PDH-catalyz .. 
ed reaction in vivo is approximately three orders of ma,gnit~~e away from 
the equilibrium cons;ant (1). Krebs (33) has pointed out that among 
other mechanisms, reaction equilibr~a may be a contx-.olling f<>rce in the 
regulation of intermediary met~bolism •. This crite-rfon for metabolic con-
trol appears;to be.in contraiiiction to an additional criterion proposed 
by Newsholme and Gevers (34,35) when applied to the G6PDH catalyzed re-
action. Namely, the stibstrat~ concent~ation should decrease as the flux 
t~rough the enzyme c~ta~yzed rea9t_ion inc]'.'.eases. This clearly does not 
hold for G6PDH in the varieus dietary conditions considered by Green.-
baum, et al. ·(1). This·apparent COJltr~diction for the substrate glucoS!e 
6-phosphate b a result of the relatively .minor part played by the hexose 
monophosphate shunt in G6P utilization. The major control is probably 
exerted by NA,DPH. This is a ce;,nsequence of,the high cellular levels of 
NADPH (3-12 mM) (1) and the rather lo~ value for Ki (10-15 µM). Indeed, q . 
den9minator terms in the rate equation multiplied by the ratio [?,fADPH]/Kiq 
will contribute substantia,lly to. th~ sum of all denominator terms.. For 
this reason product inh,ibitic:m by NADPH ii:! of prima~f importance in the 
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short-t~rm regµlation of liver cytoplasmic G6PDH (1). 
The involvement of additional effectors in the; short-term metabolic. 
r~gu:J_ation of liver cytoplas1t1ic 1G6PDH have been sugges~ed. An ATP,inhi-
bition has been reported (36) anq, ccmtradicted (4). The· question of 
fat-i:y acid inhibition is much more cqmplex. 
Since NADPH is utilized :in fatty ac:i,d biosynthesis, a.mechanism of 
metabolic. control by feedback iri:hibition of G6PDH ·by: either free fatt:y ·· 
acids or long chain acyl-coenzyme A derivatives.is reasonable. Evidence 
of inhibition of G6PDH activity by a fa~ con-i:aining diet has been re-
parted (1,4). However, additional. studies·, _in .. vitro, have shown that 
the inhibition of rat liver cytoplasmic G6PDH by myristic; !auric, an4 
palmitic acids is prevented by :i,.ncubation of '!:he enzyme with 10 µ:M'.NADP+ 
prior to the addition of fatty •acids (4). The irreversibility of the in~ 
h:i,bitipn ~ugges-i:s that the.effect is a result of inactiv~tion. Th~ 
physiological significance of the inhibition is in quest:i,on ~i~ce the 
cellular level of ~ADP:t'bas not been shown to fall below 50 µM (1). 
Inhibition of liver cytopl.asll\iC ·G6PDH by long chain acyl-CoA deriva-
'!:ives has been dep:J.onstrated (37~38) with opposing conclusions concerning 
physiol,ogical. significance. ,. Taketa and Pogell . (38) found that palnd tyl, 
coenzyme A both inhibited and inactivated crude rat liver gl1.1cose 6-phos-
pha-i::e. dehydtogenase. These.authors found, however, that a wide variety 
. . .· 
of enzymes, some apparently unrelated to fatty acid metaboli&,m, were, 
activated or inhibited by very low concentrations of the.acyl ester. 
They the.refore concluded .that the physiological role .of acyl-CoA estersi 
in the regulation of irtt~rmediacy metabolism must be viewed with reser-:-
vat:i,on. 
Similar argument!:! questioning the significance of palmityl-C,oA in-
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hibition of acetyl-CoA carboxylase have been reported (39). These were 
answered by the observations that the inhibition did not in~rease :with 
time of incubation and was reversible and competitive with a potentially 
physiological activator (citrate) (39). 
The question of physiological significance of acyl-CoA inhibition 
of G6PDH has been discussed with respect to short"'"term regulation. Evi-
dence for long-term regulation by means of enzyme biosynthesis and degra-
dation includes studies which show the existence of three different 
G6PDH-inactivating proteins in rat liver cells (21) which act either on 
+ NADP (a glycohydrolase and a pyrophosphorylase) or on the enzyme itself. 
This control mechanism is supported also by the previously mentioned 
NADP+ protection against fatty-acid induced inactivation. In addition, 
inactivation by a detergent induced disaggregation or by .a specific, sub-
strate reversible mechanism could render a protein molec;ule more.suscep-
tible to protease digestion. The latter possibility is supported by 
studies on glyceraldehyde 3-phosphate dehydrogenase (40) which show a 
+ protection by NAD or ATP against chymotrypsin inactivation. 
Materials and Experimental Procedures 
The enzyme was purified as described earlier. Reaction rate meas-
urements were made as described above for dilute enzyme. Concentrated 
enzyme measurements were made on a Durrum-Gibson stopped-flow spectra~ 
photometer made by the Durrum Instrument Corporation of Palo Alto, Cali-
fornia, In the stopped flow instrument the reactants in separate drive 
syringes were in a thermostatted water bath. The reaction cell was main-
tained at the same temperature by circulating water from the water bath 
through the .Kel-F housing surrounding the mixing chamber. Reactant solu-
tions were deairated for 10 minutes by water aspira~ion before placing 
them in the instrument. Output.from the photomultiplier was monitored 
by a Tektronix Type 564 storage oscilloscope~ + Enzyme and NADP were 
stored in one drive syringe and G6Pand effectors were.stored in the 
other~ 
Results and Discussion 
Conce.ntt"~ted Enzyme Studies 
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Results from.studies cqmparing dilute with concentrated enzyme are 
listed in Table I. The results indicate no significant_concentrl;ltion 
dependent effects observable upon enzyme specific activity, NADPH product 
inhibition, ATP inhibition, or dehydroepiandrosterone inhibition. These 
results are. in spite of a previously demonstrated conc-~ntration dependent 
quaternary.structure (4) and in marked contrast to those obtained with 
G6PDH from human erythrocytes (10). 
Results from initial velocity and NADPH product inhibition mea:sure-
-4 
ments. on rat liver cytoplasmic G6PDH in dilute sqlutions ("' 10 mg/ml). 
are.shown in Table II. The ·result~ were obtl;lined in the presence of near 
physiological concentrations of NADP+ (60 ~M) and G6-P (200 ~M) but at a 
sub-physiological level of NADPH (200 JiM). There.is no.significant ef-
fect·by any oft.he compounds tested upon either enzyme activity or NADPH 
product inhibition. 
Metabolite Effects 
Experiments by.Yugari·and Matsuda (4) have shown that; long chain 
+ fatty .acid inhibition of G6PDH·is relieved by.NADP such that at cellu-
lar coenzyme levels there is no inhibit;ion, In addition, they showed 
26 
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TABLE II 
CONCENTRATED ENZYME STUDIES 
[G6PDH] [NADP+] . [G.6P] [NADPHJ .. . , [ATP'] . '[DHEA]',. Sp. Act. 
\ 
6.6 . -5 250 400 129U/mg x 10 ·mg/ml µM µM ------- ------ ------
6.6 '. -5 250 400 2.o·inM 120 x'10 mg/ml µM µM ------- ------
6.6 x 10-5 mg/ml 250 µM 400.µM· ------- ------ 100 µM 120 
3.3 x 10"'"1 mg/ml 250'µM 400 µM ------- ------ ------ 168" 
3.3 x 10-1 mg/ml 250 µM 400 µM ------- 2.0 inM ------ 160 
3.3 x 10-1 mg/ml 250 µM 400 µM ------- ------ 100 µM 161 
1. 7 x 10-4 mg/ml 100 µM 200 µM ------- -----~ ------ 150 
1. 7 x 10-4 mg/ml 100 µM 200 µM 200 µM ------ ------ 79 
2.7 x 10-1 mg/ml 100 µM 200 µM ------- ------ ------ 141 
2.7 -1 100 200 200 92 x 10 · mg/ml µM µM µM ------ ------
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that .ATP enhanced this inhibition, although incapable of inhibiting the 
reaction alone~ It ·was therefore de~ided to investigate·the interrela-
tionships among ATP, palmityl CoA and other effectors·o~ the reaction 
catalyzed by purified G6PDH. These results are shown in Table II.I. 
These results indica,te that 25 µM palmityh·CoA inhibits slightly but 
that the inhibition is more than c;loubled in the presence of 2.0.inMATP. 
This inhibition enhancement is not mimiced by 1.0 mM ADP. The presence 
of 100 µM Acetyl CoA eliminates the palmityl CoA i~hibition, has no ef-
fect, when coupled with ATP, but , reduces t.be palmityl CoA plus ATP inhibi-
tion. None of the effectors had any significant effect on the NADPH in-
hibition. These results are consistent.with a model which involves an 
ATP-dependent change in enzyme conformation, or stabilization of one.or 
several conformations more conduc:j.ve to palmityl-CoA inhibit~on. This 
model is not dissimilar to that prqposed for rat liver pyr1,1vate ldnase 
FDP activation (41). Thespec:i,.fic effec;s of Acetyl CoA and ATP argue 
aga:i,.nst non~specific detergent inactiva.tion by palmityl-CoA. 
One report (42) has stated that rat liver G6PDH is inhibited 50% by 
60 i1.M palmityl carnitine. In an effort to verify this claim as well as 
to tei;;t ef~ects of additional compounds ·both on G6PDH activity and on 
NADPH product inhibition (200'µM NADPH), data were collected on the in-
itial velocities of reactions in the presence of compounds listed in 
Table V. The results show no significant effects upon either.G6PDH 
act~vity' or NADPH product inhib.ition. Additional experiments failed to 
sb,ow an effect on G6PDH activity when 2.0 mM ATP was added with palmitoyl-
c~rnitine. · Differences between.these and previously ·reported results 
might well be due to.different states of enzyme purity,· 
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TABLE III 
METABOLITE EFFECTS ON·G6PPH ACTIVITY 
NADPH Compound Concentration Relat:i,ve Activity(a) 
------ -------- ------
100 
200 µM -------- ------ 50 
------
NAD+. 1~0 mM 100 
200 lJM NAD+ 1.0 mM 46 
.---':""""-- Ac CoA 100 µM 104 
200 µM Ac CoA 100 µM 51 
------ CoA 150 µM 104 
200 µM CoA 150 µM 53 
------
ATP 2.0 mM .go 
200 µM ATP 2.0 mM .41 
"!"'"----- GSH 10 mM 9,8 
200 µM GSH 10 mM 45 
------ DiIEA 10-0 µM 98' 
200 µM DHEA 100 µM so 
__ ":"- ___ 
PEP 100 µM 95·· 
200 µM PEP 100· µM 49 
------ Citrate 500 µM 93 
200. µM Citrate 500 µM 45 
------ NADH'··· · 2 µM- ,gg: 
200 µM NADH· 2 µM, 48, 
0:1.'"')·i'.i~mbers are the averages of from 2.;..4 determinations carrected to 
a value of 100 for the ·uninhibited reaction. · 
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TABLE IV 
METABOLITE EFFECTS ON G6PDH ACTIVITY 
[NADPH] [Pal-CoA] [ATP] [ADP] [Ac-CoA] Relative Activity(a) 
------- ------ ------ ------
100 
200 µM 
------ ------ ------
49 
------- 25 µM ------ ------ ------ 89 
-------
2.0 mM ------ ------ 100 
------- ------
1.0 mM ------ 100 
200 µM 25 µM ------ ------ ------ 46 
200 µM ------ 1.0"mM ------ 49 
------- 25 µM 2.0 mM ------ ------ 75 
------- 25 µM ------ 1.0 mM ------ 90 
200 µM 25 µM 2.0 mM ------ ------ 41 
------- 25 µM ------ ------ 100 µM 100 
_______ , 
2.0 -mM 
-------· 100 µM 100 
--------· 25 µM 2.·0 mM 
-
1-09 µM 81 
(a)Numbers -are the averages. of from 2-4 determinations cc;:,rrected to 
a v~lue of 100 for the uninhibited reaction. 
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METABOLITE EFFECTS ON G6PDH ACTIVITY 
[NADPH] Compo:und Concentration Relative Activity(a) 
100 
200 µM 49 
Malonyl CoA 50 µM 102 
200 µM Malonyl c.oA 50 µM 46 
6-PGA 80 µM 102 
200 µM 6-PGA 80 µM 46 
Ac-Carnitine 10 µM 101 
200 µM Ac-Carnitine 10 µM 48 
Carnitine 10 µM 102 
200 µM Carnitine 10 µM 45 
Palmitoyl Carnitine 10 µM 101 
200 µM Palmitoyl Carnitine 10 µM 48 
(a)Numbers are the averages of from 2-4 determinations corrected to 
a value of 100 for the uninhibited reaction. 
CHAPTER IV 
CIRCUL:A.R.DICHROISM'OF.GLUCOSE 
6~PHOSPHATE DEHYDROGENASE 
Introductfon 
In recent years, circular d:f,.chroism (CD) has been used extens,iveli 
in the .estimation of-protein secondary structure, Quantitation was orig-
inally based upon comparisen.of protein spectra wit4 spectra of shortet; 
chain s:yntheUc polypeptides, most.notaqly poly-L-lysine (43), at pH ex-
tremes consistent with cqmplete random, helical, or pleated sheet .confer-
mations. , The choice of synthet,ic ,polypeptides as standards· came under. 
attack first from Saxena and Wetlaufer (44), and latei; from Yang et al 
(45,46). This attack was based mostly upon the.dissimilarity between, 
random coil of the'Se synthetic peptides at .PH extremes a~c;l the.restt;ict:-, 
ed random coil shown to exist in prote:f_ns by X-ray diffraction studies. 
(46). Thus, since the secondary structure.could be quantitatively di-
vided into classes for those.proteins whose X-ray diffraction studies 
had been completed, it was decided to use proteins :as standards of com7 
par~son. This was.done.first at only one wavele~th_(44) and lat.er (46) 
for a.range of wavelengths over -which secondary,structure contributions· 
to circular dich~oism wer~ most: sigp.ificant~ 
. . .' . ,• 
The, most. sophistic~t·ed of 
treatment~ of CD data is by Che~ et al, · (46). However, the treatment 
' ' 
.14cks , appropriate .weight,ing ... of the data, inclusion of s.ome constr,aints, 
and: a me~1,1s.'~Y- wh:f..ch to estimate- e?.r,or · in. .... the fitted parameters (fraction 
F 
,·· 
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of each secondary st:ructure).. Therefore a computer program has been 
' . . 
written, based upon the standard data pr~vfously published (46) which 
overcomes th.ose,deficiencies. 
Program Descript:ion and Rationale 
The model c~n be. descr.ibed by Eq.uation (4-1). 
= (4-1) 
where [a] i~ mean residue.molar ellipticity, fH, f 13 , and fR are fractions 
a-helix, 6-pleated sheet, .and remainder, respectively, the latter ta~en 
as the. sum of all other conformational contributions at wavelerigth ;>... 
Actually Equation (4-1) is a system.of.n simultaneous linear equations 
at n discrete wavelengths. The molar ellipticiti~s [a.JR, (e]6 , and [eR] 
of each structural form are calculat:ed at each wavelength by a least 
squares fit of Equation (4.:..1) to CD data on five proteins .where struc-
ture fractions, fH' fa and fR are estimated independently from X-ray 
diffraction data. Assuming the mean .. residue ellipticity of each confQr-
mation (H, 6, and R) is reasonably cqnstant among (and with.:i:n) all pro-
teins, the structural fractions for other proteins are determined from 
tbeir .CD spectra by application of Equation (4-1) with f's as the adj us-
table parameters in the least squares minimization., 
The FORTRAN program HELIX makes use of.two additional physical real-
ities. First, since secondary stru~ture is defined as .0t.-helix, a-pleat-
ed sheet (both.forms), and all remaining conformations (remainder), 
Equation (4-2) is necessarily true. 
1 (4-2) 
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Therefore, there are only two parameters rather than.three~· Second, to 
have physical meaning, no comporte~t fraction can ex~~ed 1 or become.n~g-
ative. Thus Equation (4-1) can be .easily transformed into Equation 
(4-3) with constraints (4-4), (4 ... 5), and (4-6). 
= (4-3) 
(4-4) 
(4-5) 
(4-6) 
However, as fH and·fs are 0ptimized.they.are further constrained "Within 
tqe interval [0,1]. That.is, if fH assumes sorµ.e value greater than O, 
then f 13 must assume s0me value less than 1 - .. fH. This constra:f.nt ii;; 
most readily implement~d·by optimizing the parameters fH and f6/(1 - fH) 
within the intervals [0,1]. For this non-linear regression analysis 
·;Pt:,Oblem the program STEPIT (23) was,sel.ecte(:i. Errorestimates for fH 
and fS were by the usual linear approximation (24). The .weigl).ted :sum of 
squares .minimized was .. the function F, equal to chi.,.square at the minimum 
(25). 
F = 
where N .is the. number of waveleng.ths i, [eJi,measured is. the :mean,resi-. 
due elliptic~ty measured experimentally., [eJi,fitted is tqe mean residue 
ell:f.pticity computed; and a i is .the standard error in IeJi ,measur·ed, 
approximated as 2% of [e] ~teach wavelengtl).. In addition to best fit 
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values for fH and fa• the program computes errors 'in.each, the.correla-
tion between them~ and the value of Fat the minimum. The latter pro-
vides an 'estima~e of. the quality with which .the model desci;-ibes the ex-
perim~ntal data, namely. the chi..:.square c·riterion for gooc;lness of fit. 
Initial estimates for fH are made from data at 222 nm according to a 
formula published by.Chen and Yang (45) and fa is arbitrarily estimated 
at 0.5. The· program was tested by the use of CD data co+lected in our 
laboratqry on !act.ate dehydrogenase, one of the proteins used ·as .a stand-
ard by Chen et al. (46). The best-fitted fractions for a-helix and 
S-pleated sheet were with:i;n estimated ei;-ror of those values published 
for LDH (46). 
Materials·and Experimental Procedu;e 
Circular Dichroism (CD) ·spectra were run on a Cary 61.;..CD mgdel 
spectropolarimeter. Samples were in a 1 mm pathlengt;:h cylindrical quartz 
cuvette and the optical path was flushed with nitrogen. The CD instru-
ment'had been calibrated wHh an aqueous solution of d-10-camphor sul.:... 
fonic acid (Aldrich) using the .molar ellipticity value determined by 
Cass:im and Yang (47). Glucose 6-:phosphate dehydrogenase had been puri-
fied and specific activity dete;rmined as previously specified (Chapter 
II). Sp~ctra were run on G6PDH in the presenc~ of 10-4 M NADP+. 
Results and .Discussion 
The fitted values for fH' fa• and fR are shown in Table VI ,and the 
fitted.curve wit}:!. experimental points shown,in Figure.7. The chi-square 
value .for t}:!.e fitted curve (12~0) is. consiste,nt with the number .of de-
grees of freedom (12) indicating a satisfactory fit of the data to the 
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model. lhe results indicate a rather large value for fH when c9mpaired 
with the value for LDH (29%) (46). Confqrmational ~rtalysi,s of .yeast 
G6PL>H · has been done using ORD (48). Thevalue for Moffitt constant (b) 
0 
obtained, when used in the equat~on by Chen and Y~ng (45) 1 predicts 14% 
a-helix content. In view of the limited data.available it is difficult 
to assess the differences. 
TABLE VI 
MEAN RESIDUE WEIGHT EL~IPTICITY OF G6PDH 
Structure Best Fit (± Standard Error) 
fH 51.0 ± 1.3 
fa 32.6 ± 5.1 
fR 16.4 
Wavelength (nM) 
[e] 205 210 215 220 225 230 235 240 245 250 
............................. iipii---,---...---..---.... ---.--.... --... ,...~ ......... 
x 10-4 
-0.40 
-0.80 
-L20 
-1.·60 
-2.00 
Figure 7. Circular Dichroism Spectrum of G6PDH. Meas-
urements were made at a protein concentra-
tion of 50 µg/m1 in 20 mM potassium phos-
phate, pH 7.0 containing 10 µM NADP+. 
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PART TWO. 
IMPROVEMENTS IN NUMERICAL METHODS FOR ANALYZING 
PROTON AND METAL-LIGAND EQU!LIB.RIUM 
CONST,ANTS, AND APPLICATION TO THE 
MAGNESIUM: 5-PHOSPHORIBOSYL-1..-
PYROPHOSPHATE SYSTEM 
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CHAPTER V 
INTRODUCTION 
It is often necessary to know the acid dissociation constants and 
metal ligand stability constants for the weak acids and bases frequently 
encountered in chemistry and biology. These charged ligands often bind 
one or more metal ions to any of several protonated and unprotonated 
species. The determination of these equilibrium constants·has for the 
most part been based on the method of competitive complex formation 
utilizing titration data in whi~h pH is measured in a solution of known 
total metal and ligand concentrations.as·acid or.base is added. 
Techniques fo+ the.analysis of such data range in sophtstication 
from graphical methods for limiting cases to the more general computer-
ized methods which treat a variety of models (for a discussion of these 
various methods, see references la, lb). All of the connnon methods rely 
on the use of a mole balance equation eac~ for ligand and metal plus an 
electrical neutrality equation: 
L M H 
[L]T [L] 
max max max [L]R.[M]m[H+]nl3 = + R.~1 I: I: m=O n=Q R.mn 
L M H 
[M]T [M] 
max max max [L]R.[M]m[H+]n.13 . = + R.~O . I: I: m=l· n=O R.mn 
[H+] + ZM[M] + ZL[L] =[OH:-']+ [Titrant]Acid.- ITitrant]Base 
L M . H 
+ [X] + wa,x wa,x wax [L]R.[M]m[H+]n13 
MX R.~O m~O n¥0 R.mn. 
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(5-1) 
(5-2) 
(5-3) 
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where [LJT.and [M]T are the total .concentrations of ligand and metal re-
spectively, [L] and [M] are the concenttations of uncomplexed ligand and 
metal respectively, L , M , and H are the maximum values allowed 
max max max 
for R., m, and n respectively, and 
(5-4) 
The general case in which R., m, and n can ;;issume integer values 
greater t~an one has been most efficiently treated by Tobias and Yasuda 
(2) with subsequent µiedificatii:m of the method by Perrin and Sayce (3). 
The Tobias-Yasuda method minimizes th~ sum of squares of the residual 
function R where: 
where CH is defined by'the concent~ation difference between the total 
dissociable protons of the iµi tia,1 complex and the net of added. base ti.;;. 
t:cant. Although these residuals ;;ire ·weighted by. the inverse. of .experi-
mental variances of Rat each data point, a deficiency remains in that 
the.[M] and [L] used unnecessarily contain error propag;;ited from the .ex-
pertmental pH measurements. 
In an effort to. overcome the shortcomings of the. existing t.eehniques 
and taking advantage of ·the fact that the complexes enceuntered most 
frequently ·in biochemical and often in cheiµ.ical problems are mono"'."nuclear. 
spec:f,.es, we ,have sought .to ·deyelop an a:J,.gori thm .. capa~le of determining . 
metl;l,1-ligand stability constants for this special case. · For this case R. 
in Equations (5-1), (5-2), and (5-3) is. equal to one. The inte.gers m 
and n may assume larger values depending upon.the extent of proton dis-
sociation and complexation. This gives three eciuations, which are linear .. 
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in [L] and are (usually) higher order polynomials i~ [M],and.[ir+"]. Our. 
TITER algorithm is,a pac~age of stable; ~odern mefhoqs not subject .to 
divergence or oscillatiori. which are used for the s0lution of the.numeri..;. 
ca,l problems arising at e~ch level of the, calculations. The method is 
designed to adjust the .parameters (Kai ,K1) on the basis of a comparison, 
of an, experimentally determined dependent· vari~ple (pH) .with ·a fitted 
value for 1;:hat dependent variable, tpe final computed value of which is 
independent.of the experi1:11ental value. As a re~ult, the.favorable sta"'." 
'j:istical properti,es deriving f;i:-?m the classical method of· !east-:-squares 
are obtained. 
As .an.example of the special case in which one ligand molecule forms 
a stiible complex with one or mqre metal.ions we h9:ve·chosen the magnesium 
pyrophospha1=e system: 
K K 
H L- al H2L 2- !2 HL 3-3 ~ 
HK. 1 
MHL 
Ka3 
-+ 
+ 
:t 
L 4-
HK2 
ML 2-
HK3 
frl2L 
in which L is pyropho.sphate, M is magnesium, Kai are acid dissociation 
constants, and Ki .are 1:11etal-li:gand stability constants •. In ·our proqe-
dure the equilibrium constants··are treated .individually rather than af3 
overall or cumulative formation constants or stability ,prodl.lcts (en) as 
was done by Tobi~s and Yasuda. 
CHAPTER VI· 
PROGRAM DESCRIPTION AND RATIONALE 
The problem may be· conveniently divided. into three computational 
level~. [The, innermost level derives from the nature of ~quations (5-1), 
(5-2), and (5-3).] Since Equations (5-:-1)~ (5:-2) and.(5-3) are,each lin-
ear in [L] for the special,. case considered here, tllis .variable may be 
eliminated by substitu~ing the expression for [L] from Equation (5-3) 
into each o:f; the .other two equations. The result is two new Equations, 
Pl and P2, polynomials in [M] and [H+]. For a.given [H~]., experimental-
ly established [L]T and [M]T, and guesses for Kia and Kf.' a positive, 
real root. [M] each for Equations Pl and. P2 may be computed. This is the 
inner level of the computation., The differenc~ between. these roots de-
pends upon the selected value for [H+], and yet to maintain internal con-
sisten~y the tw9 values for [:M] must :be equal •. It ·.remains then to find 
t~e value o~ [H+] for which the equaiity is satisfied. This is the mid~ 
dle.computational level which cqnsists of fip.ding a real zero for the 
scaled function $([H+]): 
[M] Pl - [M] P2 
= [M] .PL+ [M] P2 (6-5) 
where.[M] Pl and [M] p2 are the positive real roots.of the polynomials 
P~ and P2 respectivelyo The value of pH at th~ zero of tl).e f4nctiQn is 
then· take1;1 as the fitted 1value of the .. depend~nt variable for each data 
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point. A pegasus modified regula falsi method (PEGAS) is used. 
Least-squares theory then calls .for systematic adjustment of the 
parameters (Kai ,Ki) such tha,t the weighted sum of squares of the residu-, 
als, in this case F(Kai'Ki)(Equation (6-6) is minimized: 
2 
x = 
N pHi d - pH, f' d 2 ~ ( ,measure 1 2 1tte ~ 
i~l a. I (6-6) 
1 
where N is the number of data points and a. is the standard deviation of 
1 
the measured pH ·at data. point i. This outer computational level utilizes 
either of two descent methods for non-linear least.-squares min:j'..mization. 
The first, STEPIT, (4) is a direct search .method and the second, MARQ, 
is Marquardt's method which .combines the favorables properties of the. 
Gauss,-Newton method and the method.of .steepest descent. Initial guesses 
for the.parameters are based on previously.determined values for similar 
constants in analogous.compounds. Fitting to the logs of the parameters 
rat~er than to the parameters themselves allows STEPIT to move the para-
meter values into a region ,close to the minimum quite rapidly even though 
the initial guesses may be several orders of magnitude different from 
the best-fit values. From this point in parameter space the rapidly 
converging Marquardt's method completes the.minimization process with 
many fewer chi-square evaluations than most direct search methods. 
The·middle computational level is patentially slow since a real 
zero of the function H[H+]) must be found for each data point every 
time F(Ki ,K,) is evaluated. Therefore, the measured pH values at each 
a 1 
data point are used as starting points for the calculations in the first 
evaluation of F(Ki ,K.). 
a 1 
In subsequent F(Kia;Ki) evaluations, however, 
each solution of H[H+]) :!.s begun from the best. previous set of solu-
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tions. Thus, as the minimization advances each zero finding iteration 
begins from better initial guesses. At 1eac:h. step, however, the root is . 
computed to high precision and is independEmt of ;he experimental value. 
The search for a real zero of cp([H+]) also .requires that the roots 
of polynomials Pl and P2 be evaluated several times at eacl). data point. 
The accuracy of the initial guesses from which the. polynomial root-find-
ing process iterates determines the time spent·in each iteration. For 
the first F(K" ,K 0 ) evaluation ,the total metal concentration iei used as. ia 1 · 
the starting point in determining [M]Pl at the first data point. The 
root of that polynomial is the initial guess for the root of P2 at the 
first data pointo The final value of [:t'f] at the zero of <l>([H+]) for the 
first data point is taken as tlle ini.tial guess for the root of Pl at the 
second data point and the process is continued throughout the data set 
for the first chi..;.square evaluation. · For subsequent F (K> ,K.) evalua-
. . . ~ 1 
tions.the stored values for [M] at each data point associ~ted with the 
best previous fit initialize each root finding process as.in the searc:h 
for the real zero of cp([H+]) above. This optimization of the .middle and 
inner comput~tional levels considerably shortens otherwise time consum-
ing operations. 
Extremely.poor.parameter estimates as well as grossly inappropriate 
models occasionally produce a H[H+]) function which. has no real zeroeso 
When that problem ,arises <1> 2([H+]). is minimized and a large number added 
to chi-square, thus , encouraging the outer level mit1;imiz.er to withdraw 
from the region of parameter space produc:Lng the problem. Similarly, 
polynom~als Pl ?nd P2'which either have no real roots or have roots 
which lie outside of the regio~ 0 s [M] ~ [M]T, result in chi-square 
l,eing increased, additively, by an amount proportiona:). to the deviation 
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out~ide the constrained regiono The program tq.us contains internal cri~ 
teria for physical reality. 
When, in the abS1ence .of metal, one wishes to deteI'Il).ine the K8_1 , the 
appropriate mole balance.equation for ligand and.the electrical neutral" 
ity .relation are expressed as functions in [L]. Elimination of this 
quantity between the two funcfions and the determinat~on of the.largest, 
positive real root of the resultin.g polynomial in [H+] pravides a value 
for pHi,fit to be used as above in the determi.nation of chi-~quare. This 
results in a much shortel;' computaticmo 
Whether. acfd dis~ociaticm .or metal-J..igan~ · st.ability constants. are 
to be determined there is the· necessity of multiplyin.g polynomials and 
collecting terms into the. desired coefficients. As models increase in 
complexity this process becomes tedious and assumes a high probability 
of error.. The program the ref ore. contains a subroutine which numerically 
evaluates the product of .two polynoµiials and collects tet"ms into an. 
array of cqefficients which ,can then be submitted to a polynomial root 
finder. · 
Finally, it is ·frequently.desirable to obtain computed values for 
the concentrations of each of tl;le speciee included in th.e mod1:!l at ~acq. 
data point pHo In additi.on, the value of the formatioil function ii (Equa-
tion (6-7)) at each data point is .often infor~tive. 
n =. 
[L]T - [L] 
[M] T 
(6-7) 
Solution of Equation (5-1), (5-2), or (5-3) for [LJ using tqe best'fit 
parameters and fitted value.s for [H*] and. [M] and subsequent. subs ti tu-
tion of the appropriate qu~ntit:f,es into Equations. (5..;.4) and ,(6-7) readily . 
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lead to the desired concentrations.and values for n. This computation 
is o_ptional, but when the a_ppropriate print switch .is tul;'ned on, these. 
values are printed out with cqrresponding fitted pH.values. 
CHAPTER VII 
PYROPHOSPHORIC ACID 
Materials and Methods 
Reagents were analytical grade. The NaOH wa·s carbonat~ free and 
had been standardized by titration to a phenol red endpoint with standard 
HCl (constant boiling) which was also m=!ed, as the acid in the potentio-
metric titrations. Stapdard pH .buffe;s were obtained from Thomas (pH 
7.00 ±.02), Curtin (pH 4o01 ±,.01) and Fisher (pH 10.00 ± .02) laboratory 
supply houses. 
Potentiometric Titrations 
Titrations,of pyrophosphate were made with Radiometer (Copenhagen) 
instruments. including: PHM 25/TTTll tit-rater, PHA 9Z5a seal~ expander 
graduated in 0.01 pH unit, TTA31 titration assembly, SBUl syringe 
gurette, G2222C glass electrode, and K4il2 calomel electrodeo Titrations 
0 
were performed at room temperature (27) on 7o5 ml of approximately 3 mM 
pyrophosphate in KCl soluti.on, which. was magnetically stirredo Argon, 
saturated with w~ter by passage through a gas,scrubber ,bottle, was ·bub-
bled through the titration soh1tions ~ KC.1 was added to solutions to 
give 180 mM in nominal ionic st,rength, µ', calculated as 
1J I = 
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where bracke~s and subscripts.indicate tptal concentrations. 
Subsequent calculatio~s 'of concentration~ of all i~nic.spec~es from 
best fit constants revealed t}J.at the total ionic,strength was within the. 
range of 0.193 to 0.224 M.for all t:f,.trations. The titrant was ·0.100 N 
' -
HCl .and a .ma::dmum of 1 ml titrant was ·add.ed from a .2.5 ml syringe in each 
titration. The SBUl micrometer and syringe (H~ilton no •. 1002) were cal~ 
ibrated to within,0.2% prec:(,sion by weights of water delivered to,weigh-
ing bottles. Values of pH and micrometer readings were.recorded manual-
ly at approximately.0.2 pH unit int~;vals'following each increment of· 
titrant. Each titration was completed within 20 to 30 mino Tests on 
electrQde reproqucibility and drift against buffers at pH 4.00 1 5.00J 
6.01, and 7.00 indicated that combined systematic and.random errors.were. 
within 0.03 pH unit. 
Results 
Table VII·shows the resuJ,,ts of curve fitting to pH titration data 
collected on approximately•3 mM sodium pyrophosphate 0 There are 45 data 
points encompassing the range of pH 4 to pH .. 9 with and :witp.out. 3 mM 
MgC+2• Fit I is the result of fitting to.a seven parameter model (~ix 
equilibrium constants and the total pyrophosphate concentration). The 
fitted value for log K81 has the greatest error •. This .is due primarily · 
-to the fact that the titration data is only through pH 4 thus precluding 
H;,l' 2o7 from attaining a concentration sufficient to .determine K81 accu-
rately. Fixing this,constant .at a previqusly reported value (determined 
in higher ionic·strength). such tl).at it is not adjusted during the mini-
mization (Fit II)' results in.a som~what larger chi.:..~quare indicating a 
less satisfactory .fit. The eliril.inaticm of -H3P 2o7 - from the model (Fit 
51 
TABLE .VII 
ASSOCIATION CONSTANTS FOR SODIUM PYROPHOSPHATE 
Corrected 
Parameter Fit I Error Fit II Fit III Li'!:era tut'~* Error 
pKal 3.09 0.113 (2.52)a 2. 52b. 0.06 
pKa2 6.14 0.019 5.97, 5.95 · 6.08b 0.06 
pKa3 8.37 0.013 8. 22 · 8. 21 · 8.45 b 0~06 
Log K1 3.12 0.032 3.09 3.06 3.06c 0.06 
Log K2 5.08 0.024 5·.01 5.05 5,41c o·.06 
Log K3 -30 co 0~·38 -6.27 7.75c ' 0.09 
[P 207] 3.21 mM 0.02 3.24 3.18 .. 
2 51 60 74 x 
D.F. 38 39 39 
a Value held constant during fit •. 
PRef. 12 dete:i;mined,0.1,M ionic strength(Swaq;.enbach & Zurc-(195©) 
Montach·81,-202). · 
cRef. 13 determined at,l M ionic strength. 
~Literature values ar~ ov~rall stability const~ S'ei_; not stepwise, 
K's (this does not change,any value except K3). 
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III) results in a further increase in chi-square. The values for the 
errors in.each parameter are corrected to give a chi-square probability 
of 0.5. The corresponding corrected errors in pH data are .034 pH unit. 
Table VIII lists the ranges of calculated concentrations for the 
various species throughout the two titrations, The uncomplexed ligand 
concentration was calculated at each data point using the fitted values 
for pH and magnesium ion concentration in the ligand conservation or' 
metal conservation equation. Additional species concentrations were 
calculated from Equation (5-4). 
Figure 8 shows the fitted titration curves for pyrophosphate in the 
presence and absence of 3.0 mM magnesium chloride. The pH is plotted as 
a function of titrant concentration corrected for volume increase. The 
points were experimentally determined and the curves were fitted. 
Table IX is the lower triangle of the correlation matrix for the 
fitted parameters as determined from Fit I (Table VII), All correlations 
are low enough to prevent "ill-conditioning" associated with the optimi-
zation of very highly correlated parameters, although the association 
constants for the most highly protonated species are highly correlated 
with the total ligand concentration, 
Discussion 
Figure 8 illustrates the ability of the alogorithm to fit a seven 
parameter pyrophosphate.model to the data, The logs of six equilibrium 
constants were fitted simultaneously with the log of the total ligand 
concentration. Fit I (Table VII) was based on data collected in 0.18 M 
0 ionic strength at 27 c. The·value for Kal :Ls poorly determined but the 
best-fit Ka 2 agrees well with the literature value. The beet-fit Ka3 
Speciea 
4-
P207 
3-
HP207 
2-
H2P 207 
Hl2°7-
MgHP z.° 7-
2-
MgP20 7 
Mg2P207 
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TABLE. VIII 
PYROPHOSPHATE SPECIES CONCENTRATIONS 
Concentration Range (Molarity) 
Noo MagneE1iU1!1 3 mM Magne~ium 
1. 20 X 10""'8 - 2. 73 X 10.-3 5o41 X 10-9 - lo 71 X 10-4 
7.65 X 10-5 - 2o69 X 10~3 
4o65 X 10-7 - 2.86 X 10-3 
3. 72 .x 10""13 - 8o56" x -10-5 . 
4o98 X 10-5 - 7.66 X 10-4 
-6 -3 1.10 x 10 - 2068 x 10 
5,41 x 10-12 - 1.16 x 10-4 
1.71 X 10-6 - 2.82 •X 10-3 
3.25 x 10-5 - 1.12 x 10-3 
- .1p-42 
Log Kal . 
Log K~2 
Log Ka3 
Log K1 
Log K2 
Log K3 
Log[P 2o7]T 
TABLE IX 
LOWER TRIANGLE· OF THE·CORRELATIQN MATRIX FOR 
PYROPHOSPHATE MODEL PARAMETERS . 
1.00 
0.67 1.00 
0.37 0.25 1.00 · 
0.42 Oo58 0.10 · 1.00 · 
0.21 0.36 0.54 · 0.60 1.00 · 
o.o o.o o.o o.o o.o LOO 
-0.91 -0.81 -0.39 -Oo39 -0.20 o.o 
Log Kl Log K 2 a a· Log KaJ Log K1 . Log K2 Log K3 
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LOO 
Log [P 2o7]T 
9.00 
pH 
8.00 
7.00 
6.00 
5.00 
4.00 
LO 2.0 3.0 4.0 5.d 6.0 
meq[H+]/R. 
Figure 8. Potentiometric Titration of Pyrophosphate, Titra-
tion was by hydrochloric acid in the presence of 
0.0 mM MgC12, 0-0; and 3.0 mM MgC1 2, 0- 0 . 
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deviates more from the previously determined value ~ban experimental 
error would predict. This is due,to the. ionic.strength difference, more 
evident. in the. asE!ociat;ion .constants. for more, highly charged species. 
The,response,of·the program to an.association constant describing a 
complex co~taining two magnesium ions per ligand molecule- (K3) demon-
strates the inability of tl,le·experimental conditions ,C[Mg]T < [L]T) to 
allow appreciable formation of that complex. This situation is demon-
strated by an attempt .. by the least square~ mip.imizer to push the para-
meter value into a region of par~eter space in which the. parameter no 
longer affeci:s the fit. This is the result of a situation s:i,.milar to 
that depicted in Figure 9. Large values for the association constant 
are incompatible witl,l the-. data and t~is is reflected in .large values fc;,r 
chi-square. The minimizer finds that chi-square is decreased as the 
parameter value is decreased until M2L attains a negligible concentra""'.' 
tiono · At that po:i,nt a further decrease will not improve chi-square. 
The most definitive criterion for the effect of a parameter on _the 
fit is the error estimate. Errors in the,fitted'v1;1.lue for a parameter 
are estimated by the usual linear,approxilllB.tion (5). ~his is effected 
by measuring the response -of chi-square to s'mall al teratians in each 
parameter about its fitte~ value. For the situation depict;ed in Figure 
9 the estimated error is infinite as was obtained in Fit I of ,Table VII 
for pK3• 
The quality af .. the pyraphosphate . f:1-t as judged by the . chi.,,.squ!ire · 
"goodness-of-fit''. criterion .is ·highly depf!ndent upon the total ligand 
. . . 
conceni:ration; that is, one or more equivalence,points of the titration 
curve are. accurately 1determined, a·s expect;edo . Thfs is evidenced by the 
relatively small erro+ es.timated for the fitte4 concentration which :i,.s 
-25 -20 -15 -10 -5 
2 
x 
0 
Log K 
5 10 15 20 25 
Figure 9. Chi-square as a Function of Log K. See text 
for details. 
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consistent with a rapid increase in chi-sq~are as the .concentration is 
·varied about its fitted value. 
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The computer program TITER is advantageo':ls over the most sophisti-
cated of its predecessors, (2) and (3), both in design and numerical 
execution in several respectso First, it utilizes a root-finder instead 
of "simple iteration" in the determination of [M] thus taking advantage 
of the relative speed.of the former over the latter. In addition, most 
simple iterative techniques are capable. of stable oscillation or diver-
gence whereas our root finding precludes such behavior. Secondly, TITER 
utilizes either of two descent.methods for the non-linear least"':'squares 
refinement of parameters. These methods are much less likely to move 
the parameters into a distant and physically meaningless region of para-
meter space, and in the event.this.does occur, either method has the 
means of returning to more reasonable values of the parameters whereas a 
pure Gauss-Newton technique does not have this ability. In addition, 
neither descent method in TITER has shewn the difficulties encountered 
with highly correlated parameters described by Tobias and Yasuda. Highly 
correlated parameters, it might be.added, are necessarily a consequence. 
of a model in which several equilibrium constants ·are associated with a 
single species. Thirdly, procedures in which two implicit calculations 
of a function such as .. ii, in which neither is based. solely upon experi-
mentally determined values, and which seek to minimize the square of the 
difference (2) are inherently inferior to those which compare, as by·chi-
square, experimentally determined and calculated quantities. 
CHAPTER VI II 
DETERMINATION OF PHOSPHORIBOSYL PYROPHOSPHATE-
MAGNESIUM ACID DISSO~IATION AND 
~TABILITY CONSTANTS 
The importance of 5-phosphoribosyl-1-pyrophosphate (PRPP) in ,the 
direct formation of purine and pyrimidine nucleotides from free ba$es 
was first establ:ished by .Kornberg, et al. in 1955 (6) o This was ·fol.lowed 
by. seve'J;'al $tudies ·demcmst;ating the fui:iction of PRPP in the biosynthetic 
. pathways of tryptophan (7), histidine (8), and nicotinamide coenzymes 
(9,10). Iri many of the enzyme catalyzed reacti.ons which involve PRPP, 
magnesium ions are require4 fot' activity. Among these are phosphoribosyl-
,· ' 
transferase-reactio-p.s (11 ... 13), and those.catalyzed by adenylate pyro-
phospho.rylase· (14), and phosphoribosyl pyrophosphate synthet;ase (15). 
This has been.interpreted as a requirement by the enzymes for a magnesium 
bound form of PRPP rather than the free li8and, analogous to the Mg~ATP 
requiring kinaseso Quantitative evidence for this intert>t'etation has, 
been lacking· due to.the unavailability of value$ for the magnesiu~ -
PRPP stability constants. 
Previous attempts at estimating the physiolp.gically important mag-
nesium - PRPP stability constants proved difficult-due primarily to the 
instability of PRPP and the.presence of·impurities .(9). Subsequent kine-
tic studies on enzymes'ut~lizing PRPP as a substrate used c+ude.estimates 
2+ for the stab:{.lity constants. (.6,7) or saturated ~he system with Mg • 
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Therefore the present study was undertaken,to provide more accurate es-
timates for the magnesium - PRPP association constants at an ionic 
strength of 0.2 M. The equilibrium constants were determined from pH 
titration data on PRPP in tqe presence and absence of Mg 2+. 
Materials and Methods 
Materials 
The tetra-f:jodium s.alt of PRPP, the barium salt of ribrose-5-P and 
the mixed enzymes, orotidine 5'-P pyrophosphorylase and orotidine 5'-P 
- -
decarboxylase from yeast were purchased from the Sigma Chemical Company, 
St. Louis, Mo. All other chemicals were.of reagent grade. Heavy metal 
contaminants were extracted from m~gnesium chloride with dithizone (16) 
2+ 
and Mg concentration subsequently determined by standard NaOH titra-
tion of the eluate·from a Dowex 50-H+ resin onto which an aliquot of the 
stock MgC1 2 solution had been placedo The NaOH was carbonate free and 
had been.standardized by titration to a phenol red endpoint with stand~ 
ard HCl (J. T. Baker DILUT-IT) which was·also used as the acid in the 
potentiometric titrations, Standard pH buffers were obtained from Thomas 
(pH 7.0 ± .02) Curtin (pH 4.01 ± .01) and Fisher (pH 10.00 ± .02) labora-
tory supply companies. 
PRP,P Purification and Analysiei 
PRPP was purified by the technique of Khorana• e1= al.. (17) except 
t~at the pooled PRPP sample eluted from the column waei concentrated by 
lyophilization instead of rotary evaporation. and the sample was increas-
ed to 100 mg for chromatography on a 2o2 x 4o2 cm column of Dowex 1-2X, 
Cl-. Between preparations the column was regenerated by passing four 
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bed volumes of 1 M LiCl over the resin followed by,10 bed volumes of 
glass distilled water. The resultant PRPP was store<;i in a vacuum desic-
0 
cator over phosphorous pentoxide at -20 C. The preparation was found to 
maintain stability within assay reproducibility for at least two months. 
Commercial analysis showed a 1:1 carbon to lithium ratio. 
PRPP was assayed enzymatically by .the method of Kornberg et al. · 
(18) on a Coleman 124 spectrophotometer equipped with a Coleman #0319 
thermostatted cell hold~r; #801 scale expander, and a 11165 recorder. 
Assay concentrations were 0.3 mM orotatEl,, 2o0 mM magnesium chloride, 
5.86 mg/ml PRPP, and 0.3 units per ml oroti<;line 5'-phosphate pyrophos-
phorylase and orotidine 5'-phosphate decarboxylase (mixed enzymes) in a 
1 cm pathlength cuvette. The reference cell contained 0.3 mM orotate. 
All reagents were prepared in,20 mM Tris hydrochlo+ide buffer, pH 8.0. 
Thin Layer Chromatography was carried out on precoated microcrystal-
line cellulose plates (5 cm x 20 cm x 250 µ, Type Q2, Quantum Industries) 
at room temperature. The chromatog~ams were developed with 7:3 (v/v) 
Ethanol:1.0 M Ammonium Acetate, pH 7.5, as suggested in the P-L Biochem-
icals Catalog. The chromat;:ograms were sprayed with fresh Hayne's rea-
0 gent (19) heated for ten minutes at 100 C, and sprayed with lM stanuous 
chloride. Rf values of ribose-5-Phosphate standards and PRPP were 0.27 
and 0.03 respectively. A minimum detectible ribose-:-5-P was 3 µg of the 
barium salt. A barely detectible amount of ribose-5-P was foun<;i :1-n 41 
µg of PRPP. The maximum,amount of impurity consistent with this and the 
enzymatic analysis is 7.5 mole%. 
Data analysis was done using the TITER algorithm developed i.n our 
laboratories. Thi!:! program minimi~es the function F by adjusting the 
equilibrium constant.sin the calculated pHf. function. 
' ' l. t 
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F "" 
N pHi fit - pH 2 I: ( 1 . i 1exp.) 
i•l C1i (8-1) 
where N is the number of data points and cri is the estimated standard 
deviation in the pH· , initially estimated to be 0.03pH units. Ti-
exp. 
trations,of 180 mM KCl with standard acid required negligible acid com-
pared with the PRPP titrations. Omission of this blank from the ti.tra-
tion had no affect on the fit. 
An ionic strength,µ, near 0.2M was used to correspond to ionic 
strengths in vivo and thus analytical concentrations are used throughout • 
. Concentrations of H+ and OH- ([H+] and [OH-]) were calculated from data. 
and Equations (2) and·(3) in Bateei (20) and Harned and Owen (21) re-
spectively, giving 
+· 
- log[H] ... pH+ log YH =. pH - 0.14 (8-2) 
= (8-3) 
aH O 
2 
where Y stands for activity coefficient and K_~ =. K__, with K__ 
--w y H YOH --w --w 
equal to the thermodyrtamic dissqciation.constant of water (21). The 
variation of totalµ from,0.193 to 0.224 M affects the values of -log[H+] 
and -log[OH-] by less than.0~01, and thus an averageµ= 0.21M is quoted 
for the me~surements. 
Results and Dieicussion 
Previous studies on the stability of PRPP in solution (18) have dem-
onstrated rapid destruction at l9w pH or elevated temperatures. In order 
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to assess the extent of decomposition during the titration we incubated 
3 mM PRPP in 180 mM KCl at pH4 and pH7 a~d in 3 mM MgC12 at pH4 and pH7, 
Aliquots were removed and PRPP assayed enzymatically as a function of 
time, No detectable decomposition occurred in any of the incubation 
solutions for 90 minutes. 
For titrations of the pentalithium salt of PRPP in the presence of 
2+ Mg , the following model was considered: 
H PRPP 2- K!l H PRPP 3- Kij 2 HPRPP4-
3 +- 2 + 
HK1 HK2 HK3 HK4 
r- - - - -- ---------, 
I K K I 
MgHPRPP2-
K 6 
MgPRPP3-: MgHlRPP !4 MgH2PRPP ! 5 1 ! 
I I_ _____ 
------- --, I HK5 HK6 
I 
I'----- --,K 
: Mg 2HPRPP I } 7 Mg /RPP ._ ____ _I 
where K. are the acid dissociation constants and K. are the Mg 2+ - PRPP 
ai 1 
stability constants. 
From the behavior of Ka4 , KaS and Ka7 early in the minimization it 
was concluded that none of the species enclosed in the dashed line of 
the above model attained significant concentrations above pH4, These 
constants were therefore fixed at initial estimates until convergence of 
. the other seven parameters (six equilibrium constants plu(:l the total 
PRPP concentration) was achieved as summarized in Table X. Starting with 
these values, a second convergence was obtained with all ten independent 
constants free, but none of the parameters were changed significantly in 
this second fit, The resultant fit was satisfactory by the chi-square 
criterion for goodness of fit (22), 
Parameter 
pKal 
pKa2 
pKa3 
pKa4 
pKa5 
pKa6 
pKa7 
Log K4 
Log K6 
Log K3 
[PRPP]t 
TABLE X 
PRPP EQUILIBRIUM CONSTANTS AND CONCENTRATION 
Fitted Values 
2.81 · 
5.99 · 
6.84 
(-1.00)d 
(2.00)d 
6. 32 · 
(-2.79)c 
3.18 
1.55 
(2.70)e 
3.84 mM 
a b Errors 
0.05 
0.01 
0.01 
0.02 
0.03 
0.03 
0.01 mM 
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c Origin 
1-PP 
2-P 
2-PP 
2-P 
pp 
p 
pp 
aMolar equilibrium constants. 
b Standard deviations giving chi-square equal to number degrees of 
freedom. 
cSuggested origin of dissociating proton or Mg 2+: P = orthophosphate, 
PP= pyrophosphate; 1- and 2- = primary and secondary hydroxyl groups, 
respectively. 
~alues in parentheses were held constant; see text. 
eCalculated from log K3 = log (K4Ka3/Ka6). 
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Errors in each parameter were estimated by. 1:he _usu!:1,l line.ar approxi-
mation (5, 22) ;3.nd corrected to, give a chi-square (equal to the function 
Fat the minimum) equal to the number of degrees of.freedom (v .. 38). 
Standard deviations,in pH calcµlated by this criterion wer~ ±0.02 ,in 
good.agreement with initial estimates (±0,03), 
Table XI.shows the correlation ~trix among those parameters active-
ly involved in the minimization process~ In no instance is a correla-
tion large enough ta arrest: the minimization process ("ill-condition:-
ing"). Equilibrium constants which are most highly correlated are those 
associated with MgPRPP3-, the only·species participating significantly 
in thre~ simultaneous equilibria. Species concentrations in Table XII 
were.calculated from fitted,equilibrium constants. It is evident.that 
MgHlRPP; MgH2PRPP-, and Mg2HPRPP concentrations are insi~inficant with-
in the pH and Mg 2+ concentration.ranges of the experimetit, This is in 
agreement ¥ith results reported ·for the.analogous ;riphosphate-magnesium 
2- . 
system (23). The species HlRPP ·· attains a barely significant: concen-
tration and thus Kalis less accu~ately determined than any of the.other 
fitted equilibrium constants and its correlation with total PRPP concen-
tration is high. 
The best fit value for the,tetal PRPP concentratioll is consider~bly. 
higher than that estimated by enzymatic assay (3 mM), The fitted concen-
tration of PRPP of 3.84 mM gives an.effective molecular weight.for the 
pentalith::l.um salt of 472 g/mole implying 89% purity when compared with 
the anhydrous molecu~ar weight and in close agreement .with the 92.5%. 
purity evidenced by thill layer chromatography. This is in contrast to 
an effect::l.ve molecular weight of 609 g/mole given by enzymatic assay. 
' . . 
The concentration calculated from the titration data.is considered much 
pKal 
pK~2 
pKa3 
pK 
a6 
log K4 _ 
log K6 
log[PRPP\ 
TABLE XI 
LOWER TRIANGLE OF THE CORRELATION MATRIX 
FOR.THE PRPP MODEL PARA.METERS 
1.00 -
0.63 1.00 · 
-0.12 -0.31 1.00 
0.12 0.10 -0.41 1.00 
0.13 Oo 27 - 0.52 , -0.79 1.00 
-0.04 0.02 -0. 36 _ Oo9l: -0.80 1.00 
-0~90 -0.·79 0~17. -0~11 ·.:.0.16 -o. 03' 
pKal pK 2 a . pK· a3 pKa4 log K4 log K6 
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1.00 -
log[PRPP]t 
Species 
PRPP5-
HPRPP4-
H2PRPP 3-
HlRPP2-
MgPRPP 3-
2-MgHPRPP 
MgHlRPP 
MgHjPRPP 
TABLE XII 
PRPP SPECIES CONCENTRATIONS (mM) 
0.0 mM Mg2+ 
7.97 x 10-5 - 3.50 
-2 4.69 x 10 - 2.16 
,...3 3.74 x 10 - 3.43 
· -3 2 1.84 x 10 - 7.05 x 10-
3.0 mM Mg 2+ 
9.47 x 10-5 - 1.22 
-2 5.07 x 10 - 1.26 
-2 2.56 x 10 - 3.36 
5.60 x 10-7 - 9.56 x 10-2 
4.43 x 10-4 - 1.82 
6.19 x 10-2 - 8.20 x 10-1 
1.23 x 10-11 - 5.08 x 10-9 
2.69 x 10-16 - 1,45 x 10-10 
3.84 x 10-5 - 5.01 x 10-2 
6.15 x 10-12 - 5.20 x 10-11 
+ 60.0 mM Mg 
1.62 x 10-4 - 1.28 x 10-2 
2.35 x 10-2 - 1.00 x 10-1 
-3 5.34 x 10 - 2.20 
5.22 x 10-7 - 4.00 x 10-2 
-2 1.44 x 10 - 1.18 
5.68 x 10"'"1 - 2.45 
1.60 x 10-10 - 6.79 x 10-8 
1.22 x 10-9 - 1.56 x 10-14 
2.53 x 10-2 - 2.03 
1.11 x 10-9 - 4.85 x 10-9 
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more accurate than that determined by enzymatic assay as indicated by the 
small calculated error in PRPP concentration (Table X), a consequence of 
the large variation in the function Fin Equation (8-1) with changes in 
PRPP concentration. The enzymatic assay for PRPP is especially insensi-
tive due to the small absorbance change of the reaction (- 0.19) in the 
presence of large overall absorbance (= 1.3) due principally to orotate. 
Smaller amounts of orotate did not appear to give complete reactions and 
we suspect this is also true to a significant extent with the higher 
orotate concentrations used in our assays. 
Attempts.to characterize the effects of contaminant upon the fitted 
constants by numerical methods were two-fold, Fitting to a model con-
taining pyrophosphate, ribose-S~phosphate, and PRPP using literature 
values for contaminate stability ··constants but allowing percent decompo-
sition to be fitted resulted in variable results depending upon initial 
parameter guesses. The complex model.necessitated very time consuming 
function evaluations and encountered "local minima". Error free data 
generated from a contaminant model failed to produce satisfactory fits, 
in spite of gross alterations in parameter values, with a variety of 
minimization routines. These results are likely due to the inherently 
high correlations among parameters describing such complex models, 
Assignments of the constants to functional groups are suggested in 
Table X. All constants appear normal when compared to analogous com-
pounds (23) with these assignments, suggesting that the 1- and 5-phos-
phate groups have little effect on each other's binding constants. The 
largest difference noted as the ·lower metal stability.constant of 
3-MgPRPP (log K = 3, 2) than Mg/ADP (lo.g K =. 3,6). This is probably the 
+ result of the competitive binding of K ions to PRPP. 
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. + The consequences of alkali metal .ions, M, binding competitively 
with [H+] and [Mg2+] to the ligand.are simple to predtct in principle. 
The apparent magnesium~ligand sta'.bility constant ignoring this competi .... 
t~on, as ·above is given by 
a 
K 2 "" + Mg 
. [MgL3-] (8-,-4) 
while the stoichiometric stability constant .corr~cted for alkali metal 
ion binding is (25) 
K 2+ = Mg . 
[MgL ~'""] (8-,5) 
at present, however, the magnitudes of the. al~ali metal. ion binding con-
stant, K +, are.in doubt. 
. . M 
From.direct electrode measurements, Mohar and 
Rechnitz !!_ al. (26) calculate thermodynamic.stability constants, ·KM+' 
for ADP and ATP, which are nearly 50 times the stoichic;,metric stability 
const;:ants previously calculated by Smith and Alberty (27) from pH titra-
tion data at 0.2 ic;,nic strength~ Some of this discrepancy is a result 
of the.lower activity coefficients at 0.2 ionic strength. But Rechnitz 
bel.bwes that the majority of the .difference is. error resulting from the 
erroneous assumption in the Smit.hand Alberty.method that tetra-n-pro-
pylammonium cation does not bind· to ADP or ATP. 
Further study, and probably additional data, are needed to ~nswer 
the qu~stions raised by Mohan and Rechnitz and we plan to continue our 
investigations of these questions. At-present, however, we woulµ empha-
size that the apparent constants r~ported in thi~ thesis should be accu-
2+ 
ratefoti calculating the quantity of Mg bound to PRPP in an electrolyte 
70 
solution similar in composit:l.on to physiological fluids, as were.the 
+ + 
solutions used in these detenninations. Since Na and K have very simi-
2+ lar binding affinities for the phosphates, Mg binding constants should 
+ + be little affected by substit~tions between Na and K at constant ionic 
strength. In fact we believe.that.until accurate estimates of activity 
coefficients of free (unbound) polyphosphates are known at 0.2 ionic 
strength, the apparent stability constants in the presence of.Na+ or K+ 
are more pertinent to some biochemical.studies than either the thermody-
namic constants or the.constants determined in the presence of tetra-
alkylannnonium salts. In the latter case, difficulties arise not only 
due to uncertainties about binding of the alkyl-annnonium ions to phos-
phates, but also due to the potentially large changes in solvent activi-
ties caused by the hydrophobic alkyl·groups at these high concentrations 
(28). 
8.00 
pH 
7.00 
6.00 
5.00 
4.00 
LO 2.0 3.0 4.0 5o0 6.0 7.0 
meq[H+]/t 
Figure 10. Potentiometric Titration of 
PRPP. The titrant was 
hydrochloric acid in the 
presence of 0.0 mM MgC1 2 , 
0-0; 3.0 mM MgC1 2 , t-t; 
and 60.0 mM MgC12, 0 -0. 
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